A fluid dynamic analysis package, PolyFlow, based on the finite element method is used to study the sharkskin phenomenon. A stick-slip mechanism is used as the basis for the simulations. This study is aimed at illustrating how fluctuations in the stress at the exit from the die cause similar fluctuations in the extrudate swell ratio, resembling the sharkskin phenomenon. Such fluctuations in the stress at the exit from the die are produced by implementing a stickslip boundary condition at the die wall, mimicking a mechanism of molecular entanglement/disentanglement at the wall. We use a superposition of stress relaxation/stress growth and a periodic change in extrudate swell governed by the die exit stress level to depict sharkskin. Three relatively monodisperse polybutadienes were used in this study. The simulated sharkskin time period was found to be in good agreement with experimental findings. We found that the simulated pictures of sharkskin are similar for all three molecular weight samples. A comparison between the simulated sharkskin and experimental results show qualitative resemblance. The main problems preventing us from generating more quantitative sharkskin results mainly reside in the model limitations in depicting stress singularity, limitations in mesh design refinement and the constitutive model employed. In spite of these limitations, the qualitative agreement between simulation results and experimental data is good. 
INTRODUCTION
Flow instabilities occurring during extrusion of polymeric melts limit the output rates and are detrimental to the quality of the extrudate. In general, upon increasing the output rate, the extrudate surface qualities may change and different extrusion regimes were observed as shown in Figure 1 [1] . Only in a small region denoted as the first regime the extrudate appears smooth and exhibits an acceptable quality for most industrial applications. In all other regimes, flow instabilities occur and distortions of the extrudate can be observed. This classification is by no means universally accepted [2] , nevertheless sharkskin is the first extrusion instability observed upon increasing the output rate. Sharkskin is an extrudate distortion with more or less a regular pattern of ridges resulting in an observable opaqueness or roughness. A typical length scale of about 10-100 mm is usually observed (see for instance Figure 4 in reference [3] ). This problem not only places strict limits on polymer processing operations but is also raising fundamental challenges stemming from the elastic character of polymeric materials and the complexity of their behavior at fluid/solid interfaces.
As for the mechanism of sharkskin formation, at the present time there is no model able to capture all of the experimental features found in the experiments [4] . The existing models can be classified into two types:
• Heuristic: a narrative describing a plausible scenario based on the observations and some general theoretical considerations • Analytical: a mathematical formulation of a model problem whose solution explicitly predicts observed features of the phenomenon However within these boundaries it is common to find models of different type sharing a similar phenomenological point of view. The most popular explanations for sharkskin are constitutive instabilities (analytical type model) and slip at the wall (heuristic type model). In a recent review on extrusion instabilities and wall slip, Denn [5] advances the idea that a rupture mechanism is responsible for sharkskin.
Most simulations of sharkskin fit within analytical models. This study is aimed at illustrating how fluctuations in the stress at the exit from the die cause similar fluctuations in the extrudate swell ratio, resembling the sharkskin phenomenon. Such fluctuations in the stress at the exit from the die are produced by implementing a stick-slip boundary condition at the die wall, mimicking a mechanism of molecular entanglement/disentanglement at the wall [6] [7] [8] [9] .
STICK-SLIP MECHANISM FOR SHARK-SKIN
The possible mechanisms of extrusion instabilities have been a subject of debate for a long time. However, researchers seem to agree that sharkskin is an exit effect. In particular, the stress singularity near the die exit causes the sharkskin defect via a mechanism yet to be agreed upon. Wang and co-authors attribute sharkskin formation to time-dependent fluctuations between the stick state and a slip state of the boundary conditions at the polymer/wall interface in the exit region [7] . These authors suggest that the origin of sharkskin dynamics may be related to a molecular instability corresponding to an oscillation of adsorbed chains in the die exit region between coiled and stretched sates [6, 7] .
More recently a few studies concentrate on the validity of a no slip boundary condition in polymer melts flows [4, 8] . These studies suggest a minute continual slip of the polymer along the solid surface and the possibility of multiple slip velocities at shear rates close to the point where sharkskin is usually observed. Similar to the mechanism proposed by Wang et al [6, 7] , Yarin [8] and Graham [4] proposed a mechanism based on entanglement/disentanglement of bulk polymer molecules from the polymer molecules attached to the solid wall. However, Graham's mechanisms depicted more elaborate polymer coil deformation disentanglement.
In the numerical simulations we will use the hydrodynamic stick/slip condition as the basis for sharkskin formation. This stick-slip heuristic mechanism seems mostly consistent with experimental observations and the continuum and molecular theories. Furthermore, it is relying on the existence of a relative motion between the polymer near the interface and the interface itself [4] . In extrusion, there are numerous evidences both numerically [10] [11] [12] [13] and experimentally [14, 15] showing the existence of a stress singularity near the die exit. Figure 2a depicts the stress field along the die land, specifically showing that the die exit stress is higher than the die inland stress. The flow upstream from the die exit is viscometric, i.e. each point in the flow can be specified by a steady shear stress. However as z approaches the die exit, the exit stress, s ex , not only contains a shear component but a significant elongational component due to the boundary discontinuity.
Extensive experimental studies suggest a critical stress, s c , above which the polymer will no longer obey the no-slip boundary condition causing a global stick-slip transition [16, 17] . Figure 2 and the existence of a stick-slip transition suggest that a localized stick-slip transition may occur at the die exit. The exit wall stress begins to relax from s c to s h when such an interfacial transition takes place as illustrated in Fig. 3 . Here s h denotes the minimum stress level at which the polymer will again stick to the die surface. As illustrated in Fig. 3a , the exit stress s ex decreases from s ex = h g · 0 toward s s (< s c ) = h g · 0 upon the transition and stops decreasing when reaching s h . The no-slip boundary condition becomes valid again, causing the exit stress to grow back toward s c . Due to the viscoelastic properties of polymer melts, the stress relaxes and grows in an exponential fashion. This phenomenon persists perpetually, yielding to a periodic oscillation of the true wall shear rate and a stress fluctuation. Rheo-optical studies showed that the stress oscillation at the exit of the die correlates very well with the sharkskin period [14, 15] . Furthermore, differences of stress level on die land via modification of die surface properties lead to different extrudate swell ratios [18] . Intuitively, the stress fluctuation at the die exit ultimately causes an extrudate swell fluctuation, perceived as sharkskin.
SIMULATION PROCEDURES
Sharkskin can be viewed as resulting from the superposition of two phenomena, namely a stress relaxation/growth at the die exit, where a 
B
periodic stick-slip boundary condition occurs, and consequently, a periodic change in extrudate swell governed by the die exit stress level. We simulate the two phenomena separately. Simulation of stress relaxation/growth will provide information on sharkskin period. This information will be used to simulate extrudate swell at different levels of die exit stress. Another key information for the simulations are the values of s c and s h , which set the limits for stress relaxation and stress growth. Barone et al used birefringence to study the stress level at the die exit at which the extrudate exhibits sharkskin [14, 15] . They found that the ratio of s h to s c is approximately 0.7. We will use this empirical value of 0.7 as the basis of stress fluctuation in our simulation.
A fluid dynamics analysis package PolyFlow based on the finite element method was used in all of our simulations. Simulations were run on SGI Origin 2000 at Ohio Supercomputer Center. The constitutive model used in the simulations is the Giesekus model [19] . (1) where T is the stress tensor and is a combination of the viscoelastic stress tensor, T 1 , and the purely viscous stress tensor, T 2 . Parameters a, l and h are the dimensionless mobility factor, relaxation time and viscosity respectively. D is the rate of strain tensor defined as (2) Three different relatively monodisperse polybutadienes of molecular weight 50K, 200K and 400K, were used in this study. Rheological data for the samples were obtained using a Rheometrics RMS-800 and were used as an input file in PolyFlow for fitting to a single mode Giesekus model. Details can be found in [21] . All simulations assume an incompressible fluid and isothermal flow, where gravity is neglected.
We carried out time dependent flow simulations to simulate stress relaxation/growth. The continuity equation and the time-dependent momentum equation were solved simultaneously.
(3)
Studies showed stress relaxation simulations using Giesekus model to be satisfactory [20] . In this case we used the inertia term, although very small, in order to alleviate numerical instabilities.
Extrudate swell simulations were carried out considering a steady-state condition and assuming equilibrium values for the extrudate swell ratio. More details about equilibrium extrudate swell simulations are discussed elsewhere [21] .
SIMULATION OF STRESS RELAXATION / STRESS GROWTH
We simulate the stress relaxation upon cessation of flow at the wall of a circular die. The mesh exit. The slip boundary condition is specified using the relation (4) where F is the force acting on the fluid at the wall, v S is the slip velocity and k is a slip coefficient (the vectors F and v S are obviously opposite in direction). The slip coefficient reflects the properties of the die surface. The higher the value of k, the more difficult for the polymer to slip. This leads to a higher force at the wall and a lower slip velocity.
In the simulations we modify the value of the k to control the stress level at the wall. The limitation of using this approach is the impossibility of simulating a stick boundary condition (k is finite and consequently there is always a finite slip velocity at the wall). As a consequence the stress fluctuation at the die exit causing sharkskin is simulated by modifying the k to reflect the oscillation of stress between its maximum value and 70% of this maximum. This is illustrated in Fig. 2b in contrast with Fig. 2a depicting the correct stick-slip mechanism of sharkskin formation. The presence of slip at the die exit reduces
design for the problem is shown in Fig. 4a . Due to symmetry we can simulate only half of the die. No-slip boundary conditions are applied on the die wall. The steady-state solution for flow through a circular die is used as the starting point in the simulations. At time zero the flow is stopped as illustrated in Fig. 5 . This time dependent flow rate is used as boundary condition at the inlet and outlet from the die.
Barone and Wang studied stress relaxation upon the cessation of flow in a slit die through time dependent flow birefringence measurements [14] . These authors used the stress-optical relation and found good correlation between the relaxation portion of the sharkskin cycle and the birefringence relaxation behavior.
We apply a similar rational in our simulations and study the stress relaxation through the time dependent combination of first and second normal stress differences measured at the die wall, i.e. (N 1 + N 2 ) w , normalized by the maximum total stress at the wall. In the simulations we kept constant the maximum stress at the wall (at 0.31 MPa), such that all three materials experience the same level of deformation. Consequently the flow rate is lower for the higher molecular weights materials.
Results of the stress relaxation simulations are shown in Fig. 6 . Assuming that stress growth is similar to stress relaxation, we depict stress growth as the mirror image of stress relaxation. With a value of 0.7 for s h /s c , we can build the cycle of stress relaxation/stress growth occurring at the die exit during sharkskin formation for the three polybutadienes investigated in this study. The results are presented in Fig. 7 .
EXTRUDATE SWELL SIMULATIONS
Sharkskin is perceived as an oscillatory (time dependent) extrudate swell. However, one may view it also as a sequence of snapshots of extrudate swell obtained at different levels of stress at the die wall. With this in mind, we wanted to simulate the equilibrium extrudate swell ratio at different conditions (stress levels) at the die exit. However, at the die lip we encounter a stress singularity which is not well defined numerically, and consequently very difficult if not impossible to modify. We address this problem by using a region of slip boundary condition next to the die the level of stress singularity and consequently affects the magnitude of the simulated extrudate swell ratio. The equilibrium (steady-state) extrudate swell simulations were carried out at different levels of stress at the wall which were obtained using different values for the slip coefficient k. The different values for the slip coefficient were selected using a trial and error method designed to reproduce the stress relaxation/ stress growth phenomena for the three materials investigated.
In each of the simulations we used noslip boundary conditions at the die land, fully developed flow conditions at the inlet to the die, vanishing force at the outlet from the die and condition of zero normal velocity and zero tangential stress on the extrudate free surface. Details of the extrudate swell simulations can be found elsewhere [21] .
RESULTS AND DISCUSSION
Results of stress relaxation ad stress oscillation for the three materials studied in this work are shown in Figs. 6 and 7, respectively. One can see clearly that the lower molecular weight polybutadiene relaxes much faster than the higher molecular weight materials. The sharkskin time period, t shk , was defined as the time for the stress to relax to 70% of its maximum level. The results are shown in Table 1 . The 2.5s value obtained for the 400k polybutadiene at a wall stress level of 0.31 MPa comes very close to the experimental value of 2s obtained by Barone [14] for a similar material at 0.33 MPa. Moreover, our results for the sharkskin time period scale with the molecular weight at a power of 3.48, which comes close to the expected value of 3.4 (Fig. 8) . Imbedded in this formalism is the notion that the polymer relaxation time scales linearly with the zero-shear viscosity.
The results of equilibrium extrudate swell simulations at different levels of stress at the wall can be plotted as a function of time using the stress relaxation/stress growth results for the different materials investigated. One can also easily convert the time axis to a distance axis by using the average velocity of the extrudate at the die exit. In Figure 9 we plot these results. It is interesting to observe that in spite of the large differences in sharkskin time period for the three materials investigated, the actual pictures of sharkskin look similar. This is not surprising since on an axial distance plot, periodicity is more a reflection of the level of stress applied which is kept constant for all three materials. The amplitude of sharkskin is also relatively constant for the three materials, reflecting the similarity in polydispersity for these samples. This result is similar to the one obtained in previous studies [21, 22] . The rather small differences in sharkskin distance period still suggest a shorter distance for the higher molecular weight material. This is in accordance with experimental data, which indicate more severe sharkskin development for higher molecular weight materials [22] . Again, at similar amplitude of sharkskin, the material with a shorter axial distance period will appear more severely distorted. A comparison of the numerical results in Fig. 9 and experimental data (for instance results in Fig. 4 of reference [3] ) show qualitative resemblance. The main problem is reproducing accurately the sharkskin amplitude mainly due to the limitations in depicting stress singularities, problems associated with the constitutive model employed in the simulations, limitation in mesh design refinement over a certain limit. In spite of these limitations, the qualitative agreement between simulation results and experimental data is good.
CONCLUSIONS
We simulated the sharkskin phenomenon based on a stick-slip mechanism. Simulation results were obtained using a superposition of stress relaxation/stress growth and a periodic change in extrudate swell governed by the die exit stress level. We first simulated the stress relaxation at the die wall upon cessation of flow in a circular die. This information was then used to simulate the extrudate swell at different levels of die exit stress. The die exit stress level was modified by way of a special slip region and a slip coefficient.
The simulated sharkskin time periods were found to be in good agreement with experimental data. Moreover, the sharkskin time period scales with the molecular weight at a power of 3.48, which comes close to the expected value of 3.4. We found that the simulated appearances of sharkskin are similar for all three molecular weight samples. The rather small differences in sharkskin distance periods mark shorter periods for the higher molecular weight materials.
A comparison between simulated sharkskin and experiments show qualitative resemblance. The main problems preventing us from quantitatively reproducing the sharkskin amplitude are the model limitations in depicting stress singularity, limitations in mesh design refinement and the constitutive model employed. In spite of these limitations, the qualitative agreement between the simulation results and experimental data is good.
